
NASA Technical Memorandum 106181

AIAA-93-2043

/N--o 7"

An Analytical Study of Dilution Jet Mixing in a
Cylindrical Duct .......

V.L. Oechsle and H_C. Mongia

General Motors Corporation

Indianapolis, Indiana

: --7

and

J.D. Holdeman

Lewis Research Center _

Cleveland, Ohio

PreparedA_or the

29th Joint Propul_sion Conference and Exhibit

cosponsored by the AIAA, SAE, ASME, and ASEE
Monterey, California, June 28-30, 1993

!

(NASA-TM-1061BI) AN ANALYTICAL

STUDY OF DILUTION JET MIXING IN

CYLINDRICAL DUCT (NASA) 41 p

_i:S
N93-27160

Unci as

G3107 0167872



Ii



AN ANALYTICAL STUDY OF JET MIXING IN A CYI,INDRICAL DUCT

V. L. Oechsle* and H. C. Mongia*
Allison Gas Turbine Division

General Motors Corporation

Indianapolis, In 46206

J. D. Holdeman§

National Aeronautics and Space Administration
Lewis Research Center

Cleveland, OH 44135

Abstract

The mixing performance in a mixing section of a rich
burn/quick mix/lean burn (RQL) combustor has been calcu-
lated using a 3-D numerical model in a non-reacting environ-
ment. The numerically calculated results have been com-
pared with the measured data reported by Hatch, Sowa,
Samuelsen, and Hoideman, 1992. The numerical 3-D tem-

perature fields qualitatively agree with the experimental data.
Also the development of the mixing flow and temperature
non-uniformity trends throughout the mixing section for the
numerically calculated results quantitatively agree with the
measured data. The numerical model predicts less mixing

and enhances the temperature gradients as compared to the
measured data for the cases reported by Hatch el al. (1992)
which include circular and slot orifice shapes (with different

slant angles and aspect ratios). The predicted and measured
results generally agree in the selection of the slanted slot
orifice configuration yielding the best overall mixing perfor-
mance (based on temperature uniformity) of all the configu-

rations analyzed herein.

Nomenclature

Am
ACd
AR
AMIX

AHOT =

ACOLD =

DR =

= duct crossectional area, also Atot. m2
= effective orifice area, m2

= area ratio (jet/mainstream) = Aj/A m = ACd/A m
= area weighted overall temperature deviation

from Teq, Eq 3
area weighted temperature deviation above
Teq, Eq 4
areaweighted temperature deviation below
Teq, Eq 5
density ratio (jet/mainstream)
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= total pressure loss across the mixing wall
= non-dimensional temperature, Eq 2
= radial vector direction

= mothcntum-flux ratio (jet/mainstream) =

M2/DR. also J =(MR)Z/I(DR)(Aj/Am)2I
= tangential vector direction
= slot length (long dimension), m

= overall mixer mass flowratc, kg/sec

= mass flux ratio (jet/mainstream) = DR Vje t
/Umain

= mass flow weighted overall temperature devia
tion from Tcq, Eq 6

= mass flow weighted temperature deviation
above Tcq, Eq-7

= mass flow weighted temperature deviation

below Tcq, Eq-8
= mass flowratc ratio (jet/mainstream)

= total pressure, arm.
= radi,'d interface between the counter-swirling

fows. Figure-1 l
= radius of the mixing section, m
= radial distance from the centerline of the mixer.

m

= temperature, K
= local axial velocity, m/see
= approach mainstream axi,'d velocity, m/sec

= velocity ratio (jet/mainstream) =Vj_t / Umain
= radial velocity of the jet, m/sec
= slot width (short dimension), m

= axial distance from the leading edge of the
orifice, m

= fluid density, kg/m 3

= slot slant angle with respect to the axial

direction, degrees
Subscripts

m

J
= mainstream, also (main)
= jet



Introduction

Advanccd highly fuel-efficient commercial turbo propulsion

gas turbines pose a number of design challenges for combus-
tion syslc,n including durability, aerothermal performance,
wide operability range, and exhaust emissions. Gas turbine
combustion systems in current use employ a single stage
combustion zone which has been optimized to produce low
exhaust emissions of carbon monoxide, and unburned hydro-
carbons at idle and near-idle operating conditions. Exhaust
smoke below the threshold of plume visibility throughout the
engine operation range has also been maintained without
adversely affecting engine starting, stability, and relight
requirement. Moderate reductions in NO x emissions (up to
30%) have been achieved in single-combustion- zone com-
bustors by reducing unmixedness and combustion zone
residcnce time. Further reductions in high-power NO x
emissions (e.g. up to 50% from state-of-the-an levels) would
require design and development of two-stage combustion
concepts, namely, radially or axially staged combustion.
These types of combustion systems are currently under
dcvelopme,ll.

In order to achieve more demanding (70 to 90_*) NO x reduc-
tion goals of the advanced turbine engines which will have
considerably higher overall pressure ratios and turbine rotor
inlet temperatures, significant advances are needed in the

design and dcvclopment of co,nbustion systems employing
multi-staging concepts including lcan premix (LPP) and rich
burn/quick mix/lean burn (RQL) (Shaw. 1991). The RQL
concept studied in-depth by Rizk and Mongia (e.g. Rizk and
Mongia. 1990: 1991; 1993) appears to have a number of

advantages over other competing ultra-low NO x concepts
provided we can significantly reduce the NO x formation by
enha,_cing the mixing in the transition from rich to lean-side
combustion. An experimental a,ld analytical research effort
under the sponsorship of NASA Lewis Research Center (e.g.
Smith, Talpallikar. and Hoideman. 1991: Talpallikar et al.,
1991; Vranos ct al., 1991: Hatch et al., 1992, Bain, Smith,
and Holdeman, 1992; Liscinsky et at., 1992; ; Oechsle,
Mongia, and Holdeman. 1992; Kroil et al.. 1993; Liscinsky.
Vranos, and Lohmann, 1993) is underway to study and

identify the critical design and flow parameters affecting the
mixing effectiveness.

The 3-D analytical technique can be an advantageous tool
since a large number of configurations can be easily modeled
with dense co,npulatio,ud grids in order to resolve the typical
complex flow structure present in the jet entry into a cross-
flow media. However due to the modeling assumptions and
experimental uncertainty, variations in the numerically
calculated results as compared to the measured data have
been observed. It is therefore necessary to quantify the
difference between the measured and numerically calculated

mixedness results for a jet in a crossflow before further

utilizing the analytical model as a co,ffiguration screening
tool. In this investigation, the ,nixing effectiveness of a jet
in a crossflow is numerically analyzed using a 3-D analytical
code. Eighteen different configurations were analyzed
which included a) circular orificcs at three jet-to-manstream
momentum-flux ratio (J) conditions, and b) slots with aspect
ratios L/W of 4 and 8 with different slant angles between 0 °
and 90 °, and at varying J conditions. The procedure used to
model the geometric configurations was similar to thai used
by Oechsle. Mongia, and Holdeman. 1992. In this study
however, the numerically calculated temperature field and
temperature non-uniformity results were compared with
measured data obtained by Hatch et al. (1992). and the
difference has been quantified by measuring the variation of
the temperature distribution with respect to the equilibrium
temperature.

Mathematical Model

A production 3-D combustor code (COM-3D). solves the

turbulent reacting flow transport equations using the SIMPLE
algorithm of Patankar and Spalding (Patankar. 1980). This

program simulates turbulence by the two-equation k-e model
(Launder and Spalding. 1974), and combustion following
vaporization is determined by a four-step chemical reaction
model based on Arrhenius and eddy breakup concepts (Mon-
gia and Reynolds. 1979). The transport equations for all
dependent variables are of the fl)llowing form as shown in
Eq-l:

div[ Ou_- (Ideff/Pt) grad(_)l = S_ (1)

where pr is the mixture dcnsity, u is thc vcl(v.:ity. _eff is the

effective turbulent viscosity, Pr is the effective

Prandtl/Schmidt number, a,_d S_ is the source term for the

variable _. The following variables are computed by the

three-dimensional code: 1) axial, radial, and swirl velocity
components: 2) specific enthalpy and temperature: 3) turbu-
lence kinetic energy and dissipation rate: 4) unburned fuel

and composite fuel fraction; and 5) fucl spray trajcctory and
evaporation rate.

The computational effort is significantly reduced by model-

ing a sector Of the mixing section comprising a single orifice.
Therefore. the shape of tile sector was dependent on the
number of orifices equally spaced in the circumferential
direction. It should be noted that there are 8 orifices in all

configurations, so the computational domain is a 45 degree
sector. Periodic boundary conditions were applied in the

circumferential direction. These conditions were necessary
for the mixing configurations generating swirl during the
mixing process generally characteristic of the slanted slot
orifice configurations. No-Slip and adiabatic boundary
conditions were applied at the outer wall defining the inside
wall of the mixing section. Tile computation at tile center

axis was extrapolated based on the nearest surrounding
values due to its singularity. No-gradient and slip boun "d'dary



conditions were applied at the center ,axis. Fully developed

profiles (no axial gradients) were assumed at the exit bound-
ary condition.

Geometric Configuration

In this study, the mixing section was modeled as a constant
diameter cylindrical "can" with a single row of equally
spaced orifices. Tile outer wall diameter is 76 mm (3 inch)
and the axial length of the mixing section extended from
x/R=-l.5 to x/R=6 where x is referenced from the leading
edge of the orifice. Sufficient axial distance was provided
both upstream and downstream of the orifice to prevent any
entry or exit effects from modifying the flow structure in the
computational domain of interest which is 0<x/R<2. The
computational grid of the domain typically comprised of
50,000 to 80,000 control volumes. The grid was typically
denser near the orifice and near the outer wall to resolve the

high velocity and temperature gradients resulting from the
inlet of the crossflow jet. An onhogonai view of the compu-
tational grid is shown in Figure- 1. The grid was "also config-

ured to allow smooth progressive volume change between
adjacent control volumes to help speed up the convergence
of the solution.

The geometric configurations of the jet orifices is also shown
in Figure- 1. Two different general shapes of orifices were
modeled: round holes and slanted slots of 4:1 and 8:1 aspect
ratios, and a total matrix of 18 different configurations were

analyzed. Also, it should be noted that the 90 ° sector shown

in the following temperature plots always includes orifice

centers at 22.5 ° and 67.5 ° . The description of the configura-
tions is tabulated in Table-1 and shown graphically in

Figure-2. Twelve of the configurations shown in Table- 1
duplicate the initial conditions reported in Hatch, Sowa,
Samuelsen, and Holdeman, 1992). The configurations for

which the measured data are not reported by Hatch et ai. are
configurations 4, 5, 11, 12, 14, and 15. The blockage param-
eter tabulated in Table 1 is defined as the circumferential

projection of the orifice divided by the spacing between the
orifice centers. Similarly the orifice trailing edge (T.E.) x/R
is defined as the axial projection of the orifice divided by the

mixer radius R. As shown in the aforementioned experimen-
tal study, the matrix of analyzed configurations is such that
for a specific orifice shape, the increase in J does not change
the MR. This was accomplished by reducing the orifice
effective ,area (ACd) to increase the J value while keeping the
MR constant (.see Table-l). The model of the orifice perim-
eter was performed by a stair-stepping approximation since
COM-3D is not a body conforming code. Therefore, to
increase the modeling accuracy, the orifice was typically
defined with between 100 and 200 control volumes. The
orifice ACd was modeled to within less than 1% deviation.

The mixing section was modeled at atmospheric pressure.
The mainstream flow and jet flow conditions are show in
Table- 1. The MR, mainstream flowrate, and jet temperature

were maintained constant throughout the parametric study.
The variation in J was chosen as a representative range for
typical gas turbine combustion systems. The mainstream
flow at the inlet of the modeled mixing region was character-
ized by a uniform temperature and axial plug flow velocity
profiles in the radial-circumferential plane. The air jet flow
was characterized by a radial, uniform flow across the orifice

effective area. The assumption of uniform mass injec-
tion/area is applied in the mathematical model in all the
analyzed configurations. The turbulence kinetic energy of

the mainstream and jet flows were 0.3% of the square of the
mean velocities. The turbulence length scales of the main-
stream flow were 2% of the can diameter, and the turbulence
length scale of the jet was of the order of the orifice dizuncter.
The inlet conditions fl)r all orifices in the mixing section
were equal to create a symmetrical input condition about the
circumferential direction which was necessary for the sector
analysis. The operating pressure and temperature range was
cho_n to duplicate the experilnental setup.

A typical numerical solution took about 25Oilcralions for full
convergence with overall mass flow residuals of 0.05_ of the
total mixing section mass flowrate. All solutions were
obtained using the Cray Y-MP and a typically converged
solution took about 1 to 1,5 hrs of CPU time.

Results and Discussion

The mixing performance for all configurations analyzed in
this study were ultimately evaluated at x/R =1. It is however
recognized that the mixing performance throughout the entire
mixing section 0<x/R<l should also be considered since
complex structures are present in the flow field especially
near the entry of the jet. The numerically calculated results
were obtained using a grid with about 1200 computational
nodes in each radial-tangential plane (45 ° sector). Similarly
the grid size of the experimental data is 50 points per
radial-tangential plane (90 ° sector) therefore in order to
appropriately weigh the numerically calculated results, only
the calculated results at the measured locations were used for

the comparison.

Two different methods were used to present the numerical
results and compare them with their respective measured
data:

1) the results were analyzed qualitatively by visual ob_r-
vation of the te,npcrature and velocity field solutions.

The normalized temperature plots presented in this paper
describe a domain from x/R= 0.08 to x/R= 1. In all the

temperature plots, the air flows from left to right. The
temperature results are presented as normalized values
with respect to the overall differential between the main-
stream flow and the jet flow inlet temperatures. This
normalized temperature is defined in Eq-2.



f_ Tjk- (2)
Tmain- ']].jet

The value of f varies from 0 to 1, where 0 is thc value of

the unmixed jet and 1 is the value of the mainstream

flow. Note that f = 1-0, where 0 is as defined previously
(Holdcman. 1991) and used elsewhere also. The value of

the equilibrium temperature was calculated in a purely
adiabatic system at any location downstream of the jet
injection. The equilibrium temperature was also normal-
ized in the same manner as the local temperature. Five
different planes ,are displayed in each plot corresponding
to the planes in the radial-tangential direction at x/R of
0.08, 0.25, 0.5, 0.75, and i. Two adjacent sectors are
plotted in each plane to show the continuity in the region
between the orifices. Note that these planes were specifi-
cally chosen since these are the actual measured planes.
Each of Ihe normalized temperature contour plots of the
configurations with corresponding measurements include
the following:

a) the complete numerically calculated normalized
temperature distribution

b) the numerically calculated results at the measured
locations

c) plot of the measured results (Hatch, Sowa, Sam-
uelsen, and Holdeman 1992.)

2) The mixing performance of the mixing section was
also evaluated by using statistical area weighted devia-
tion. The smallest dcviation indicates the best mixing
configuration. Three different parameters (mixing devia-

- lirtis)-A-MqX. AHOT. aqiTJ-ACOLi) iu'e described in Eq-3

through Eq-5. Note that AMIX also equals sq_e rpot of
the sum of the sqh_a_ed_alalues o_bt_KA-F[OT and
ACOLD. It is also important to note that the definitions
in Eq-3 through Eq-5 do not correct the mixing
non-uniformity for the bias introduced in the region of
the section where the air is actively being injected
through the orifice. This is accepted since the compari-
son between the measured and numerically calculated
results is only performed at x/R=l which is downstream

of the trailing edge of the orifice. The numerically calcu-
lated and measured area-weighted non-uniformity results
are shown in Table-2.

I/2

AMIX = A_ Tin..- Tr, (3)

.AllOT = _ "r

2 ]/2

ACOLD =[--[ Ajk T_.., - T_., fi,r T_ < TCq (5)

In addition, the area weighted statistical deviations were also
compared with a mass flow weighted p,'u'ameters ,as defined
in Eq-6 through Eq-8. The MMIX value also equals the
square root of the sum of the squared values of both MHOT
and MCOLD. Note that these p,'uameters are essentially the
same as the area weighted parameters with the density and
velocity weighting terms added.

I/2

IT'll 21MM1X= --r-- p,_% (6)
m[ _,, • T m_ - T_,

I/2
"1

1]forT,>T.
ik T,.._. - Tv,

1/2

[T"-T"]= for T_,<T,,q (8)
MCOLD kPmu_ T,..i. - T r,

• Io|

The results in this paper are presented in the following man-
ner:

a) effect of momentum flux ratio (J) on mixing,

b) effect of orifice configuration on mixing,

: c)effect oi2ih_e;si0t Slant angie (0_)on mixing, and _:

d) comparison of the mixing trends obtained with the
numerically calculated and measured results.

Effect of Momentum Flux Ratio (J)

Round holes. The mixing uniformity of all three round
hole configurations arc shown in Figures-3, 4, 5, and 6a for
increasing J of 25, 52. and 80. It is important to note that the
calculated values at the measured locations are essential to

make a valid comparison between the numerically calculated
and measured results. Since each quadrant in tile measured

data contains 50 points per plane, it will not resolve the large
gradients in the temperature distribution usually present near
the jet entrance. Therefore, in order to compare the measured
and the numerically calculated results, the calculated data
was linearly interpolated at the actual measured locations.
The comparison of the experimentally calcuiaied and mea-

sured results for these configurations are also shown in

Figure-7a. The lowest possible AMIX. AHOT, and ACOLD

yields the best temeprature uniformity. The bar charts shown
in Figure-7 depict the absolute value of the difference

4



betweenthemixingnon-uniformityof themeasuredand
numericallymodeledstatisticalparameters.It isevidentfrom
thetemperatureplotsthattheincreaseofJbeyondthevalue
of 25producesover-penetration.Themixingnon-uniformity
valuesAMIX.andAHOTbothindicateadeterioratedperfor-
mancewithboththcmeasuredandcalculatedresultswhichis
inagreementwiththeexpectedresults.However,therela-
tivecomparisonof thenumericalandexperimentalresults
indicatethatabettercomparisonisevidentwithincreasingJ
asshowninFigure-7a(showingthedecreasingrelative
differencebetweenbothvalueswithincreasingJ).Asprevi-
ouslyreportedinHatchetal. (1992).theincreaseinJpro-
ducedover-penetrationwhichgenerallydegradedthemixing
uniformity.Similarly,thenumericallycalculatedresultsalso
indicatesomedeteriorationinmixinguniformity;however.
thisdeteriorationis smallerwithincreasingJ(Figure-6a).
Thereappearstobeaslightimprovementinthenumerically
calculatedmixingunifl_rmityresultsatJ=80duetothestrong
recirculationintheaxialdirectionprc_ucedbytheimpinge-
meritof opposingjetsin themixingsection.Therecircula-
tionproducessomeadditionaljet-to-,nainstreamflowinter-
actionandadditionalmixingthereforereducingtheeffecthot
mainstreamairflowbehindthewakeofthejet. Thiseffect
appearstobediminishedin themeasuredresultssincejet
penetrationwaslowerascomparedtothecalculatedresults
atthesameJ:andtherefore,thejet impingementrecircula-
tionisalsosmallerin themeasuredcase.Notethattheopti-
mumjetpenetrationascalculatedinHoldeman(1991)fora
nominalJ=25is9holes/rowascalculatedinEq-9wherenis
thenumberoforificesandC=2.50,andtheseresultsseemto
correlatewellwiththeroundjetresultsshowninFigure-3.

_X] 2J
n - (9)

C

Slot aspect ratio L/W=4, with #=45 °. The mixing

non-uniformity and normalized temperature profile plots for
the 45 ° slanted slot with L/W------_are shown in Figures-6b, 7b,

8, 9, and 10. A significant difference between the measured
and numcricaily modeled results are observed for the L/W=4
slots as J is increased from 25 to 80 (Figure-7b). As J is
increased, the swirl increases in the flow field. The swirl is a

consequence of the jct flow acting like an effective turning
vane which causes the mainstream flow to swirl in the cir-
cumferential direction. Since there is no tangential velocity

component to either the approach flow or jet, the induced
swirl is actually a double counter-swirling flow such as to
conserve tile angular momentum of the entire system. The
effect of this double recirculation shown in Oechsle, Mongia,
and Holdeman (1992), can have a detrimental effect on the

mixing uniformity in the numerical model since the main-
stream flow becomes trapped in the wake of the jet and
remains it_ the outer section of the mixer ,as the flow proceeds
downstream. This creates a radially stratified temperature
profile with hotter gas towards the outer wall of the mixing
section. Due to the counter-swirling flow in the mixer down-
stream of the orifice, the hot gas has little interaction with the

cooler jet flow (only if the jet significantly penetrates into the
inner recirculation core) since the stagnation region between
the two counter-swirling flows produces an effective "bar-
tier" to prevent significant mass flow transport in the radial
direction. This effect appears to have a significant influence
in the results shown in Figures-6b and 7b. As J is increased
from 25 to 52, tile radial temperature stratification becomes
more significant in Ihc numerically calculated results as
compared to the me,a_ured results, and this appears to have a
direct effect on the mixing non-uniformity since the hotter

gas resides towards the outer section of thc mixer. In the
numerically calculated results, the increase in J from 25 to 80
has a 10% decrease in the interface (rmt) between the
counter-swirling flows ,as shown in Figure-11 but the increase

in jet penetration, as shown in Eq-9, is proportional to the {J.

and therefore jet penetration rather than tint is more sensitive
to J. It is therefore apparent thai the numerically calculated
results showing these temperature stratifications will deviate
more compared to the measurements for orifice configura-
tions with J=52 as shown in Figure-7b. As J is further
increased to 80, the jet impingement recirculation produced
by opposing jets aid the mixing the numerical results and
therefore shows a slight improvement in mixing.

Slot aspect ratio L/w=g, with ¢=45 °. The mixing unifor-

mity and temperature profile plots h_r the 45 ° slanted slot
with L/W=8 for increasing J from 25 to 80 are shown in
Figures-6c, 7c, 12, 13. and 14. The penetration of the jet of
the L/W=8 slot is relatively smaller as compared to the
L/W=4 slots at the same J condition due to the long and
narrow orifice configuration; and therefore, this is the only
orifice configuration shape (of those analyzed herein) that
approaches optimum penetration with increasing J. In addi-
tion, the variation of jet penetration with J appears to be
weaker as compared to the L/W=4 slots or circular holes.
The numerically calculated results indicate a slight degrada-
tion in the mixing non-uniformity with the increase in J
(Figure-6c). Large differences itl the comparison between
the measured and calculated results are shown in Figure-7c.
Of the cases analyzed nulnericaUy, none showed jet impinge-
ment recirculation for the range of J of 25 to 80 and therefore
no additional mixing benefit was derivcd as J is increased to
80 as shown previously for the circular holes and L/W=4
slots. Considering that the mixing development throughout
the mixer downstream of x/R=0.5 is small, the deviation
between the calculations and measurements will increase.

especially if the measured results show significant mixing
progress beyond x/R=0.5 ,as shown in Figures-12, 13, and 14.

Effect of Orifice Configuration

Considering that the design parameter J will most likely be
constant for a given combustion liner design, it is therefore
valuable to compare the mixing non-uniformity results for
several orifice configurations at constant J. The round holes,
L/W=4 slot, and L/W=8 slot orifice configurations are com-
pared at J=25, 52. and 80 as shown in Figure-15 for the



numericallycalculatedresults.Thetemperatureprofiles
correspondingto Figures-15aand 16aareshownin
Figures-3,8,,and12.Thetemperalureprofilescorresponding
IoFigures-15band16bareshowninFigures-4,9,and13.
Similarly, thetemperatureprofiles correspondingto
Figures-15cand16carcshownin Figures-5,I0, and14.
TheseresultsahnostexclusivelyshowtheL/W=8slotasthe
bestmixingconfigurationforallJ valuesduetotheshallow
jetpenetrationandabilitytomixwellin thewakebehindthe
orifice. It is importantto note thattheeffect of jet
under-penetration(producedbytheL/W=8slot)creates
enhancedmixingtowardstheouterwallof themixerat
expenseofaslightlyhottercore(Figure-12b)ascomparedto
theroundandL/W=4slolresults(Figures-3and8). The
differencebetweenthenumericallycalculatedresultsand
measuredresultsshowthelargeexpecteddifferencesat
g}=45°asmentionedpreviouslyespeciallyforJ=52asshown
inFigure-16.

Effect of Slot Slanl Angle (dp)

The effect of the increase in slot slant angle on the mixing
unih_rmily is shown in Figures-17, 18, 19, 20. and 21 for the
L/W--4 slot at slant angles of 0 °, 22.5", 45 °. and 67.5 ° respec-
tively for J=52. Tile difference in the mixing non-uniformity
between the numerically calculated and measured results is
shown in Figure-21c. As shown previously in Oechsle,
Mongia, and Hoidcman (1992), the increase in slot slant
angle increases the induced flow counler-recirculalion in the
mixer which generally radially stratifies the temperature
distribution (hotter towards the outer wall). This phenomena
was mostly observcd for the shmt angle producing the stron-

gest swirl (_=45°). It is also not surprising that the numeri-

cally calculated mixing non-uniformily at _=45 ° is the

highest as shown in Figure-21a. As _ is increased to 67.5 °,

the jel penetration decreases sufficiently to allow the cold jet
to mix with the hot gas trapped behind the orifice. The

decrease in jet penetration with increased _ beyond 45 ° is

mainly c_use_y ihe increase in jet blockage, as mentioned
previously in Oechsle, Mongia, and Holdeman (1992). The

enhanced mixing for _=67.5 ° is shown in Figure-21a. This

effect appears to be a key element in producing a well mixed
numerically calculated flow field. The measured flow field

however, is generally well mixed for the slant_ slot configu-

rations with g}from 22.5 ° to 67.5 ° and no significant change

in performance was shown at J=52 (Figure-21b).

The effect of _ on the comparison of the numerically calcu-

lated and measured mixing non-uniformity for J=25 and 80
are not reported herein due to the lack of measured data
reported, however, the numerical results were obtained at

several _ for the L/W=4 slot at J=25 and 80 (Figure-2). At

J=25. the effect of mixing non-uniformity for a variation of

from 0 to 45 ° is shown in Figures-22 and 23a. It should be

noted that at the low J condition, the 67.5 ° and 90 ° slots were

6

not analyzed due to phisical conslraints since the orifices will

overlap each other. The results indicate small changes
similar to those reported by Oechsle, Mongia, and Holdeman

(1992). At J=80, the range in _ from 0° to 90 ° (transver_ly
oriented) for L/W=4 slots are shown in Figures-23c and 24
respectively. The results are also similar to those reported in
Oechsle, Mongia, and Hoideman (1992). The improvement

in mixing for _ above 45 ° is caused the same effect as
explained for the J=52 results (Figure-23b).

Comparison between the mixing irends fi)r the numerically
calculated and measured results.

In general, the numerically calculated results follow the
measured trends throughout the mixing section domain as
seen in the Figures-25, 26, 27, and 28. It is evident from all

the previously shown temperature plots thai significanl
temperalure gradients are still present in lhe numerically
calculated results at x/R=l. This observation is expected,
given the nature of the production elliptic code which has
been observed and reporled significantly in the past.

Reiterating that lowest possible AMIX, AHOT, ACOLD,

MMIX, MHOT, and MCOLD values depict best mixing, the
results indicate similar trends for the measured as well as fi_r

the numerically calculated results in the development of the
mixing flow field. However Ihc Icmperature gradients in the

calculations appear not to significantly change downstream
of x/R=0.5 indicating very little mass or Ihermal transport in
the radial and circumferential directions downslream of
x/R=0.5. This was not the case with the measured results.

The mixing non-uniformity parameters obtained with the
numerically calculated data are generally higher compared to
the measured values which is due to the difference in the

higfier iemperat_e gradients. This also indicates that the

numerically modeled results are less mixed compared to the
measured values.

In addition to the area weighted resuits presented in

Figures-25 through 28, the mass flow weighted paralneters
are also shown. The results indicate that the general trends
are also comparable between the area and mass flow

weighted parameters: however, significant deviations occur

at locations x/R<0.8 which is in the domain of jet injection.
These results are expected to be different since the area
weighted results do not acc0uni foFtlie incremenl in inass
injectio_lhroug_h- th--6=jet_Sz_c_i_6 m_=_ssi'i_ww-_el_hted
results contain the axial velocity term, they reflect this
difference. Note that the inass flow weighleddcvialions for

the measureffd_ifa-//re n0ii'ep0rted iicreiii since ihc vc|ocity
field was not measured by Hatch et al (1992).

The best mixing configuration based on the numerically
calculated results shown herein at x/'R--17_ the 67,._ s_ted

slot with L/W=4 at J=52 (Figures-20, and 28j_ 28k. and 281).
Similarly the best measured configuralion with regard to



mixinguniformityatx/R=1istheslantedslotconfiguration
withaL/W--4slantanglerangeof_=45°atJ=52(Figures-9,
28g,28h,and28i).Bothnumericallymodeledandmeasured
methodsthereforeshowagoodcomparisonastothemixing
uniformityatx/R=1.Notethatthemeasuredandnumerically
calculatedoverallperformancesweredeterminedbasedona
numericalaverageoftheAMIX,AHOT,andACOLDparam-
etersforeachspecificconfiguration.

Conclusions

1) The ,area weighted parameters compare favorably with the
mass flow weighted parameters in ahnost all numerically
analyzed configurations at x/R= 1. It is however noted that
due to the definitions of these statistical p_u'ameters, differ-
ences will be encountered in the region whcrc the jet flow is

injected (typically O<x/R_<0.8 for the cases analyzed herein).

2) The difference between the numerically calculated and

measured results increases with increasing circumferential
counter-swirl (generally produced by slot slant angles near

45 ° and high J) since the mixing development and tempera-

ture uniformity improves in the measured results beyond
x/R=0.5. The change in the numerically calculated tempera-
lure gradients and mixing uniformity with increasing x/R
appears to be small beyond x/R=0.5.

3) The radial temperature stratification produced by the
slanted slot configurations in the numerically calculated
results is significant and therefore large variations in the
mixing non-uniformity between these results and the mea-
surelnents were encountered. In the numerically calculated

results, optimum penetration was therefore obtained with
relatively shallow jets which became entrained behind the
orifice and mix with the entrained hot flow.

4) The numerically calculated results indicate a much larger
variation in mixing non-uniformity with a change in slot slant

angle as compared to the measured results. For J=25, the jet
penetration is shallow enough to mix cold jet flow with hot
mainstream gas behind the jet near the outer wall therefore
producing increased mixing and lower temperature stratifica-
lion. As J is further increased, the jet penetrates beyond the
recirculation stagnation thcrelore trapping the colder jet flow
towards the inner section of the mixer and producing high

temperature stratification towards the outer wall of the mixer.

5) The increase in J, creating an over-penetrating jet situa-
tion, slightly improves the mixing uniformity due to addi-
tional mixing produced upstream of the orifice due to the jet
impingement recirculation which allows cold air to be
entrained behind the orifice and mix with the hot mainstream
flow.

6) The general trends shown in the numerically calculated
results are simihtr to the measured results and the best overall

mixing configurations are comparable; however, the com-
parison betwcen the numerically calculated and measured
results must be made at the same locations to equally bias
both results for an accurate comparison.
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CASE [

OVERALL

J (let/main)

MR (iet/main)

DR (jet[main)

VR (jet/main)

AR (jet/main)

DP/P

MAINSTREAM

P main

T main

U main

n_ main

Mixer Diameter

JET

%

1 2 3 4 5 6 7 8 9

26.7 55.4 84.2 26.0 28.0 30.5 51.1 53.2 57.7

2.20 2.20 2.20 2.20 2.200 2.20 2.20 2.20 2.20

1.258 1.261 1.254 1.260 1.250 1.258 1.262 1.258 1.258

4.606 6.628 8.195 4.546 4.719 4.923 6363 6.502 6.772

0379 0.263 0.214 0384 0372 0355 0.274 0.269 0.258

138 2 .86 434 135 1.44 1.57 2.64 2.74 2.97

Arm. 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

K 373 373 373 376 372 373 374 373 373

m/see 10.5 10.5 10.5 10.6 10.5 10.5 10.5 10.5 10.5

kg/sec 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0._5 0_.045

m 0.076 0.076 0.076 0.076 0.076 0.076 0.076 0.076 0.076

T jet K

V jet . m/_c

r_jet kg/sec

ACd jet/row m 2

Orifice Cd

Number of orifices

Orifice aspect ratio I,[/W)

Slant angle degrees

Orifice length m

Orifice width m

Blockage

Orifice T.[:. x/R

ROUND ROUND ROUND SLOT SLOT SLOT SLOT SLOT SLOT

297 296 298 299 298 297 297 297 297

48.4 69.7 86.2 48.1 49.6 51.8 67. ! 68.4 71.2

0.104) 0.100 0.100 0.100 0.100 0.100 0.100 0.100 0.100

1.731e-03 1.201e-03 9,765e-04 1.753e-03 1.696e-03 1,620e-03 1,249e-03 !.226e-03 1.177e-03

0.75 0.76 0.74 0.79 0.75 0.73 0.75 0.75 0.7 I

8 8 8 8 8 8 8 8 8

1 1 1 4 4 4 4 4 4

0 0 0 0.0 22.5 45 0 22.5 45.0

0.017 0.014 0.012 0.030 0.030 0.029 0.026 0.025 0.025

0.017 0.014 0.012 0.008 0.007 0.007 0.006 0.006 0,006

0.555 0.462 0.417 0.254 0.537 0.763 0.215 0.457 0.650

0.436 0363 0327 [ 0.799 0.741 0,599 0.674 0.630 0.511

CASE

OVERALL

J (iet/main)

MR (jet/main)

DR (iet/main)

VR (let/main)

AR liet/main)

DP/P %

MAINSTREAM

P main Arm.

T main K

U main re�see

main kg]sec

Mixer Diameter m

lET

T,iet K

V jet m/see

&jet kg/sec

ACd jet/row m z

Orifice Cd

Number of orifices

Orifice aspect ratio (I_,V)

Slant angle degrees

Orifice length m

Orifice widlh m

Blockage

Orifice T.E. x/R

10 11 12 13 14 15 . 16 17 18

59.9 93.3 88.1 93.0 99.3 106.3

2.20 2.20 2.20 2.20 2.20 2.20

1.258 1.257 1.261 1.253 1.254 1.252

6.899 8.630 8359 8.627 8.900 9.218

0.253 0.203 0.209 0.204 0.197 0.191

3.09 4.81 4.52 4.80 5.12 5.40

1.0 1.0 1.0 1.0 1.0

373 374 372 374 373

10.5 10.5 10.5 10.5 10.5

0.045 0.045 0.045 0.045 0.045

0.076 0.076 0.076 0.076 0.076

SLOT SLOT S_QT SLOT SLOT

297 298 295 298 298

72.6 90.8 87.5 90.7 93.6

0.I00 0.100 . 0.100 0.I00 0.100

1.155e-03 9.262e-04 9.519e-04 9.293e-04 8.993e-04

0.70 0,74 0.76 0.73 0.71

8 8 8 8 8

4 4 4 4 4

67.5 0.0 22.5 45.0 67.5

0.025 0.022 0.022 0.022 0.022

0.006 0.006 0.006 0.006 0.005

0,779 0,185 0.402 0.578 0,687

0.348 0,581 0.555 0.454 0307

28.1 50.9 88.5

2.20 2.20 2.20

1.258 1258 1254
4.725 __ 6_3,69___ 8.402

0_t70 0.275 0.209

1.45 2.62 4.56

1.0 1.0 1.0 1.0

368 373 373 373

10.4 10.5 10.5 10.5

0.045 0.045 0.045 0.045

0.076 0.076 0.076 0.076

SLOT SLOT SLOT'S L O- ....
294 297 297 298

95.6 49.7 66.9 88.4

0.100 0.100 0.100 0.100

8.697e-04 1.687e-03 1.254e-03 9.523e-04

0.68 0.75 0.77 0.76

8 8 8 8

4 8 8 8

90.0 45 45 45

0.021 0.042 0.036 0.031

0,005 0.005 0.004 0.004

0.716 1.035 0.892 0.777

0.141 0.813 0.701 0.611

Table-l. Overall description of the operating conditions and geometric dimensions
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Figure-3. Comparison of the normalized temperature for the numerically calculated

and measured results for configuration # 1, J= 26. 7, MR= 2.2, DR= 1.26, and T q= 0.313

Round jet, 8 orifices�row
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Figure-4. Comparison of the normalized temperature for the numerically calculated

and measured results for configuration # 2, J=55.4, MR=2.2, DR= 1.26, and Tq= 0.313
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Figure-7. Effect of the increase in J and slant angle on the difference between the
numerically calculated and measured results for different orifice configurations, at x/R= 1.
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Figure-8. Comparison of the normalized temperature for the numerically calculated
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Figure-9. Comparison of the normalized temperature for the mtmericaily calculated

and measured results for configuration # 9, J=57.7, MR=2.2, DR= 1.26, and Tq=0.313

45 o slot, L/W= 4, 8 orifices�row

25 l_l_._j_,_.BON__ t_x_



ti'



1.00

0.50

a. Numerically calculated results

1.00

0.50

0.00 0.50 1.00

x/R

b. Calculated results at the measured locations

0.00

1.00
0.00 0.50 1.00

x/R

1.00

0.50

o.oo 4

0.50

c. Measured results

0.00 0.50 1.00
x/R

f
MAINSTREAM= 1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2.

0.1

JET= 0.0

Figure-lO. Comparison of the normalized temperature for the numerically calculated

and measured results for configuration # 13, J=93.0, MR=2.2, DR= 1.26, and Teq=0.313
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Figure-12. Comparison of the normalized temperature for the numerically calculated

and measured results for configuration # 16, J=26.7, MR=2.2, DR=I.26, and Teq=0.313

45 ° slot, lffW= 8, 8 orifices/row
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Figure-13. Comparison of the normalized temperature for the numerically calculated

and measured results for configuration # 1 7, J= 50.9, MR= 2.2, DR= 1.26, and T q= 0.313

45 ° slot, lffW= 8, 8 orifices/row
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Figure-14. Comparison of the normalized temperature for the numerically calculated
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